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Polioviruses are single-stranded RNA viruses with an unusually long noncoding region (NCR) at the 59 end predicted to
have an elaborate secondary structure made up of six domains. Mutations in domain V of the poliovirus 59NCR that disrupt
secondary structure are responsible for attenuation of the virus and a temperature-sensitive (ts) phenotype in vitro. In
addition to direct back mutation or compensatory second site mutation in the 59NCR as previously documented, the ts
phenotype was found to be compensated for in monkey kidney cells in vitro by a coding change in the protease 2A. These
coding changes were found throughout the protease with no obvious pattern or trend. They were not all found to be
equivalent and limited in ability to compensate for the severest domain V disruption. The compensatory effect of the 2A
changes was found to be cell specific, having no effect on monkey neurovirulence and in a mouse cell line but a significant
effect in two monkey cell lines and a human epithelial line. © 2000 Academic Press
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(INTRODUCTION
Polioviruses, the causative agents of the disease po-
liomyelitis, are positive strand RNA viruses of the Picor-
naviridae family. Their genomes are ;7.5 kb in length
with an unusually long 59NCR. Unlike most eukaryotic
mRNA species, they do not bear a cap structure at the
extreme 59 end (Hewlett et al., 1976; Nomoto et al., 1976)
and therefore do not utilize the cap-dependent, scanning
mechanism for initiation of translation (Kozak 1978,
1989). In addition the 59NCR is predicted to have exten-
sive secondary structure divided up into six domains
(Curry et al., 1986; Rivera et al., 1988; Pilipenko et al.,
1989; Skinner et al., 1989; Le and Zuker 1990) that pre-
vents the ribosomal machinery from scanning the RNA to
the initiating AUG codon.
Part of this secondary structure was found to form an
internal ribosome entry site (IRES) that allows ribosomes
to enter directly onto the RNA in correct alignment for
initiation of translation of the viral polypeptide in a cap-
independent manner (Jang et al., 1988; Pelletier and
Sonenberg 1988). Polioviruses are thus able to shut off
host cell cap-dependent translation with no detrimental
effect to the replication of the virus (Etchison et al., 1982;
Etchison and Fout 1985; Kra¨usslich et al., 1987; Devaney
et al., 1988). This is achieved, at least in part, by cleavage
of eIF4F, the cap binding complex, by the viral protease
2A (Lamphear et al., 1995). Although both cap-dependent
and -independent translation require the same canonical
1 To whom reprint requests should be addressed at Department of
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284factors (Pestova et al., 1996), 2A is able to directly cleave
one of the subunits, eIF4G (previously known as p220
and eIF-4g), removing the cap-binding subunit, eIF4E,
from the complex without inhibiting cap-independent
translation (Ventoso et al., 1998b). Recent evidence indi-
ated that direct cleavage of eIF4G by 2A is inefficient in
itro (Bovee et al., 1998a). The suggestion was made that
he majority of eIF4G cleavage was instead carried out
y a cellular factor that was activated by small amounts
f 2A (Bovee et al., 1998b). The lack of correlation be-
ween shut off and eIF4G cleavage could, however, be
esolved by the discovery of a functional human homolog
f eIF4G, eIF4GII, (Gradi et al., 1998). This homolog was
ound to be more resistant to poliovirus mediated cleav-
ge than the renamed eIF4GI and cleavage of both
omologs was required for complete shut off of host cell
ranslation.
Cleavage of another protein involved in stimulating
ranslation initiation, the poly(A)-binding protein (PAPB),
as also detected during poliovirus infection in vitro
Joachims et al., 1999), which similarly resulted in a
reduction of host cell translation. PAPB interacts with the
poly(A) tail on mRNAs and is proposed to bring about
59-end–39-end interactions. Both poliovirus proteases, 2A
and 3C, were found to cleave PAPB, and this could be
inhibited by guanidine-HCl, an inhibitor of poliovirus in-
fection. The protease 2A is also responsible for cis-
cleavage during polyprotein processing (Toyoda et al.,
1986), has been associated with enhancing translation
(Hambidge and Sarnow 1992), and more recently sug-
gested to act as an inhibitor of cellular transcription
(Ventoso et al., 1998a).The secondary structure of the 59NCR RNA is more
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285CODING CHANGES HAVE A CELL-SPECIFIC COMPENSATORY EFFECThighly conserved than its sequence (Jackson et al., 1994).
Mutations that disrupt the secondary structure of domain
V (Fig. 1) of the 59NCR were previously shown to be
responsible for a ts phenotype and a reduction in protein
synthesis efficiency. This domain is also the site of major
attenuating mutations found in all three Sabin vaccine
strains (reviewed in Macadam et al., 1994b). In studying
secondary structure, many different disrupting mutations
have been introduced into this domain and found to have
the same effect, although to differing degrees (Macadam
et al., 1992). Some non-ts revertants of such viruses
selected in vitro were found to have restored the base
pairing by either directly back mutating or mutating on
the opposite side of the RNA duplex, providing confirma-
tion of the physiological significance of base pairing in
the domain.
However, some non-ts revertant viruses when se-
lected in the BGM cell line (a cell line derived from
African Green monkey kidney cells) were found to have
retained domain V disruptions but no longer had reduced
translation efficiencies in BGM cells. These viruses were
found to have coding changes in the protease 2A gene,
and it was confirmed using defined cDNA-derived vi-
ruses that amino acid changes arising in 2A were able to
compensate for domain V disruptions, at least in vitro
(Macadam et al., 1994a). These observations suggested
a previously unidentified role for the 2A protein in polio-
virus infection. Here we describe further investigations
designed to clarify the genetic basis of these observa-
tions and their significance to poliovirus infection in vivo.
These, and studies in other cell lines, suggested that the
functional interaction between domain V and 2A requires
a cellular factor.
RESULTS
Identification of 2A coding changes
In a previous study, 10 different 2A substitutions were
FIG. 1. A representation of the predicted secondary structure of
domain V of the Leon type 3 virus 59NCR.found to be responsible for the loss of a ts phenotypeand able to compensate for domain V secondary struc-
ture disruptions. A further 12 2A substitutions are re-
ported here (Table 1). The substitutions were found in
non-ts revertant viruses that were selected by plaque
formation after growth of ts parental viruses in BGM cells
at elevated temperatures. The parental viruses were mu-
tants of Leon/Lansing (LL), a virus deriving its 59 non-
coding region from P3/Leon and its coding and 39 non-
coding region from P2/Lansing (Skinner et al., 1989) and
were ts for growth in BGM cells as a result of mutations
that disrupted the RNA secondary structure of domain V
(Fig. 1) (Macadam et al., 1992).
TABLE 1
Non-ts Revertants of Viruses with 59NCR Disruptions
59NCR disruption
2A coding
change
Log10
(pfu at 35°C/pfu at 39°C)
Sabin 2–484 A or None 2.2
P117/S59 8 Ala–Vala 0.1
19 Tyr–Hisa 0.4
79 Thr–Alaa 0.1
96 His–Tyra 0.6
122 Ile–Vala 0.2
L471/538 AA None 1.7
65 Glu–Lys 0.5
L471/538 GA None 1.8
122 Ile–Val 0.7
L472/537 UG None 2.0
25 Glu–Glya 0.3
33 Ile–Val 0.2
93 Tyr–His 0.9
106 Pro–Ser 0.5
134 Ser–Thr 0.5
L472/537 UA None 1.0
30 Ala–Pro 0
LD 472 None 4.0
80 Phe–Leua 0.5
17 Cys–Tyr 0.7
L473/536 UG None 2.0b
45 Lys–Glu 0.5b
79 Thr–Ala 0.4b
LL479/532 UC None 2.8
82 Tyr–Hisa 0.2
L482/529 AC None 2.8
25 Glu–Gly 0.3
70 Tyr–Cys 0
LD 483 None 4.0
23 Thr–Ilea 0.9
LD 483/528 None 2.5
48 Gly–Asp 0.2
L514A None 4.0
10 Tyr–Cysa 0.4
19 Tyr–Cys 1.5
L514C None 1.5
65 Glu–Val 0.2
Note. Final list of non-ts revertants of viruses with 11 different 59NCR
isruptions with corresponding amino acid differences in the 2A coding
egion and comparison of titre at 35°C to that at 39°C in BGM cells.
a Denotes those changes reported in Macadam et al. (1994a).
b Figures are quoted from an assay where the higher temperaturewas 39.3°C to better show the phenotype of the parent virus.
T
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286 ROWE ET AL.Non-ts revertant viruses clearly show an increased
ability to grow at elevated temperatures in comparison to
the ts parental viruses and exhibit a reduction in plaque
size which is the general trend with temperature (Fig. 2).
FIG. 2. Plates from a ts plaque assay in BGM cells. The viruses ass
hree viruses also had amino acid substitutions in 2A: 1, LL472/537 U
lates incubated at 35°C in the first column were inoculated with 10-fo
were inoculated with dilutions from 1022 to 1027.Sequencing of non-ts revertant domain V regions con-firmed that 59 noncoding region mutations were retained.
Sequencing of the 2A gene revealed that all viruses had
a single coding change, whereas no silent changes were
detected. Including the 10 changes previously docu-
ere all Leon/Lansing constructs and had a UG mismatch at 472/537.
L472/537 UG E25G; 3, LL472/537 UG S134T; 4, LL472/537 UG P106S.
ions from 1023 to 1028. Plates incubated at 39°C in the second columnayed w
G; 2, L
ld dilutmented (Macadam et al., 1994a) a total of 22 different
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287CODING CHANGES HAVE A CELL-SPECIFIC COMPENSATORY EFFECTchanges in 2A were found associated with a loss of ts
phenotype (Table 1). The changes were found in viruses
with 13 different domain V mutations.
From comparison of published whole viral sequences
the amino acid sequence of the protein is otherwise
highly conserved at 93% (Macadam et al., 1994a). Figure
reproduces the comparison of seven 2A sequences
nd positions of the 2A mutations listed in Table 1 are
ighlighted in boxes. Mutations were found throughout
he primary sequence of the 149 amino acid protein with
o outstanding cluster, although half of them were found
n the first 50 residues.
imits of compensatory 2A changes
The predicted effects of nucleotide changes in domain
of ts parental viruses listed in Table 1 ranged from
inor base-pair weakening, e.g., LL472.537 UA to drastic
ase-pair deletion, e.g., LLD472. For instance, growth of
FIG. 3. Amino acid sequences of poliovirus 2A. Sequences were
rom the GenBank database and amino acid sequence obtained using
he “translate,” “pileup,” and “pretty” programs on GCG. Conserved
esidues are shown as dashes (-) and differences to the consensus are
hown as lowercase letters. Positions where compensating amino acid
hanges were found are shown in boxes. Adapted from Macadam et al.
(1994a).
T
Drop in Titre at
Virus
Log10
(pfu at 35°C/pfu at 36.5°C)
Lo
(pfu at 35°C/
Leon/Lansing — —
LL472/537 AC 1.4 2
LL472/537 AC/F80L 0.4 0
LL472/537 AC/F80L 0.3 0
Note. Table to show the log drop in titre at higher temperatures with
LL472/537 AC/F80L in BGM cells. Results shown for LL472/537 AC/F80L areiruses LLD472 and LLD483 in BGM cells was extremely
ensitive to temperature as illustrated by 1.0 log10 titer
reductions at 37.5°C (Macadam et al., 1992). Neverthe-
less, ts phenotypes of these viruses were suppressed as
a result of mutations in 2A, as shown by the titer reduc-
tions of ,1 log10 at 39°C for revertants (Table 1). This
raised the question of whether domain V RNA secondary
structure was required at all for the action of the mutant
2A molecules. The virus LL472/537 AC was previously
shown to have one of the most severe ts phenotypes of
all viable mutants constructed with titer reductions of 1
log10 at 36.5°C (Macadam et al., 1992). Non-ts revertants
of this virus and other viruses with mismatches at 472/
537 selected in BGM cells were always found to have
restored the 472/537 base pairing. This suggested that
single point mutations in the 2A gene might be ineffec-
tive in suppressing such lesions. To test this hypothesis,
a site-directed mutant was constructed with a change of
phenylalanine to leucine at residue 80 of 2A. This change
was able to suppress the ts phenotype of LLD472
(Table 1).
The virus LL472/537 AC/F80L was found to be viable
but still ts with titer reductions of .1.0 log10 at 37.6°C
(Table 2) but was distinguishable from its parent LL472/
537 AC virus. The change at residue 80 of 2A was
therefore unable to completely reverse the ts phenotype
conferred by the 472/537 AC mismatch. If this was true of
all 2A substitutions, as suggested by the revertant anal-
ysis described above, it would appear that the mecha-
nism of phenotypic suppression by 2A substitutions re-
lies on a minimal level of domain V stability. In the
viruses studied here, this level was characterised by an
ability to form plaques at 37.5°C in BGM cells with $10%
of the efficiency of plaque formation at 35°C.
Mutagenesis of 2A at a single residue
The genetic analysis of the interaction between do-
main V and 2A described above suggested that effects of
mutations in 2A were manifested at the protein rather
than RNA level because all observed mutations led to
coding changes. The roles of RNA sequence and amino
acid change in the compensatory effect of the 2A
changes were formally tested by the construction of
ratures .35°C
7.0°C)
Log10
(pfu at 35°C/pfu at 37.6°C)
Log10
(pfu at 35°C/pfu at 39°C)
0 0.3
2.4 —
1.2 —
1.2 —
arison to that at 35°C of the viruses Leon/Lansing, LL472/537 AC andABLE 2
Tempe
g10
pfu at 3
.3
.7
.6
comp
for the two viruses recovered separately from different clones.
sidue
virus
288 ROWE ET AL.Sabin 2 mutants with changes in a single codon of the 2A
gene. A substitution of threonine to alanine at codon 79
was found in non-ts revertants of Sabin 2 and LL473/536
UG (Table 1). Ten viruses were made with mutations in
this codon resulting in seven different amino acid
changes (Table 3). Of these, S2/T79Ta had a different
codon for threonine to that found in Sabin 2. S2/T79Aa
and S2/T79Ab had different codons for alanine as did
S2/T79Sa and S2/T79Sb for serine. Viruses were also
constructed with either glutamic acid, arginine, trypto-
phan, leucine, or histidine at residue 79.
All viruses were viable and temperature sensitivities
were determined in BGM cells as a measure of the effect
of 2A change. Sabin 2 and PS/11759 were included as
control viruses for each separate assay. Results (Table 3,
top) indicated that all mutations leading to amino acid
changes were able to confer phenotypes which were
less ts than that of Sabin 2. S2/T79Ta, which had a silent
mutation in codon 79, had a ts phenotype comparable to
that of Sabin 2. In addition the phenotypes of viruses with
synonymous codons for alanine (S2/T79Aa and S2/
T79Ab) and serine (S2/T79Sa and S2/T79Sb) at residue
79 were also comparable to each other. Of the other
viruses, S2/T79E was the most ts and S2/T79L had a
similar phenotype to PS/11759. Consistency between
phenotypes of the three pairs of viruses with synony-
mous codons confirms the role of amino acid rather than
RNA sequence in the compensation of 59NCR disrup-
tions by changes in 2A. There was no obvious link
between the type of amino acid and the effect on phe-
notype.
The surprising result that all coding changes at resi-
T
Temperature Sensi
Virus Log10 (pfu at 35°C/pfu at 38°C)
79th 2A codon
Sabin 2 (ACC) 0.6
PS/11759 (ACC) 0.1
S2/T79E (GAG) 0.4
S2/T79R (AGG) 0.1
S2/T79W (UGG) 0.3
S2/T79L (CTG) 0.1
S2/T79H (CAC) 0.5
S2/T79Ta (ACG) 0.3
S2/T79Aa (GCG) 0.3
S2/T79Ab (GCC) 0.2
S2/T79Sa (UCG) 0.6
S2/T79Sb (AGC) 0.9
80th 2A codon
Sabin 2 (UUC) 0.7
PS/11759 (UUC) 0
S2/F80V (GUC) 0.1
S2/F80L (CUC) 0
S2/F80I (AUC) 0.2
Note. Temperature sensitivities of Sabin 2 viruses with changes at re
39°C with comparison to that at 35°C in BGM cells are listed for eachdue 79 of 2A had some effect on the ts phenotype ofSabin 2 led to further analysis of Sabin 2 mutants with
changes in codon 80. A mutation leading to a phenylal-
anine to leucine substitution at residue 80 had been
found in a non-ts revertant of LLD472 (Table 1). Viruses
with valine, leucine, and isoleucine residues at this po-
sition were constructed. All three viruses were non-ts at
39°C in BGM cells (Table 3, bottom) with reductions in
titer of ,1.0 log10 at this temperature. None of the base
substitutions introduced into 2A at residues 79 and 80
were phenotypically neutral except the synonymous
change of S2/T79Ta that retained the threonine residue
and phenotype of Sabin 2. None of the changes caused
an increase in temperature sensitivity.
Neurovirulence of revertants
Mutations that reform a disrupted domain V result in
reversion of both ts and attenuation phenotypes.
Whereas Sabin 2 is both attenuated and ts, PS/11759,
with a change of A to G at 481, is both non-ts and more
neurovirulent as determined by clinical signs of paralysis
and histological analysis (Table 4). To further investigate
the phenotype conferred by the 2A changes, the effect on
monkey neurovirulence was determined. The Sabin 2
clones, previously generated with changes at residue 96
or 19 of 2A, were selected for use in a standard WHO test
along with Sabin 2 and PS/11759 as controls. Results
from this test indicated the non-ts Sabin 2 mutants with
2A coding changes were as attenuated as Sabin 2 as
neither produced paralysis and histological mean lesion
scores were low (Table 4). 2A changes that were able to
compensate for the effects of disruptions to domain V
of Sabin 2 Viruses
(pfu at 35°C/pfu at 38.5°C) Log10 (pfu at 35°C/pfu at 39°C)
1.2 2.9
0.2 0.4
1.7
0.7 0.6
0.4 0.7
0.2 0.4
0.5 0.6
1.2 2.4
0.6 0.9
0.3 0.6
0.7 1.0
0.9 1.0
1.0 2.3
0.1 0.1
0.5 0.9
0.2 0.5
0.4 0.6
79 of 2A and at residue 80 of 2A. The log drops in titre at 38, 38.5 and
along with the relevant codon sequence.ABLE 3
tivities
Log10secondary structure in tissue culture therefore appeared
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289CODING CHANGES HAVE A CELL-SPECIFIC COMPENSATORY EFFECTto have no effect on the virulence of the virus in monkeys
inoculated by the intraspinal route.
Attenuation by mutations in domain V is thought to be
due to inhibition of translation leading to decreases in
protein synthesis efficiency (Svitkin et al., 1985). ts phe-
notypes due to these mutations also correlate with re-
ductions in protein synthesis efficiency and mutations in
2A that suppress temperature sensitivity restore protein
synthesis (Macadam et al., 1994b). It is possible that
utations in domain V, such as 481A in Sabin 2, inhibit
iral growth in monkey motor neurones by a different
echanism. If not, results in Table 4 suggest that the
ffect of the 2A changes is cell specific and indicate an
nteraction, either directly or indirectly with cellular fac-
ors. This idea was explored by the analysis of viruses in
ther cell lines.
ffect of 2A coding changes in other cells
To analyse a possible cell-specific function of the 2A
hanges, viruses were assayed in the human MRC-5
ells, monkey-derived Vero cells, and the mouse cell line,
20B. Assays were carried out in the same way as with
he BGM cell line (Fig. 2) using appropriate temperatures
anges as the temperature at which viruses exhibit ts
henotypes vary between cell lines (Macadam et al.,
991, 1992). Revertant viruses assayed in these cell lines
ere isolated in BGM cells from a variant of Leon/
ansing with a UG base pair at 472/537 in domain V. The
evertant viruses had single changes at either residue
5, 93, 106, or 134 of 2A.
All of the revertants were non-ts in MRC-5 and Vero
ells having phenotypes similar to that of Leon/Lansing.
hese results (Fig. 4) were thus similar to those obtained
n BGM cells. However, when assayed in L20B cells, the
A mutant viruses had phenotypes similar to the ts pa-
ental virus LL472/537 UG and formed small plaques,
ndicating that the substitutions in 2A were not effective
n suppressing temperature sensitivity in these cells (Fig.
TABLE 4
Neurovirulence Test with Two Viruses
with Compensating 2A Changes
Virus
Clinical
score MLS (range) Virus phenotype
Sabin 2 (481A) 0/4 0.21 (0.14–0.27) Attenuated/ts
PS/11759 (481G) 3/4 1.25 (0.93–1.83) Virulent/non ts
Sabin 2/H96Y 0/4 0.22 (0.12–0.37) Attenuated/non ts
Sabin 2/Y19H 0/4 0.34 (0.23–0.51) Attenuated/non ts
Note. Results of the monkey neurovirulence test with two recombi-
nant Sabin 2 viruses with compensating 2A changes selected in BGM
cells and relevant controls. The clinical score refers to the number of
animals showing signs of paralysis in one or more limb. MLS refers to
the mean lesion score determined by histological analysis of stained
spinal cord slices.). Assays were repeated with all the other BGM derived ievertant viruses bearing 2A changes listed in Table 1 to
he same effect (results not shown). Revertant viruses
ith substitutions in 2A that displayed a non-ts pheno-
ype in BGM, MRC-5, and Vero cells were ts when grown
n L20B cells, indicating that the 2A changes were inert
n these cells.
eversion in L20B cells
As the changes found in 2A in viruses selected in BGM
ells appeared not to exert any effect on the temperature
ensitivity of the viruses in L20B cells it was of interest to
nalyse reversion of ts when selected in these cells.
abin 2 virus was therefore passaged twice in L20B
onolayers at elevated temperatures of 37 and 38.4°C.
laque purified virus was analysed for both sequence
nd ts phenotype. From a total of nine viruses, seven
on-ts revertants were found to have a change of A to G
t 481 and two ts viruses were found to have retained the
at 481. No changes were found to have arisen in the
oding region of 2A, and no virus was found to have an
ntermediate phenotype. In comparison, when selecting
evertants of Sabin 2 in BGM cells all were found to have
A changes (Macadam et al., 1994a).
DISCUSSION
The 2A gene of polioviruses is multifunctional and
lays a key role in the life cycle of the virus when acting
s a protease both in vivo and in vitro. The work de-
cribed here allocates an additional cell-specific func-
ion observed in vitro where 2A is able to compensate for
s phenotypes resulting from disruptions to the second-
ry structure of the viral RNA in the 59NCR. A total of 22
oding changes along the length of the 2A protein were
ound to be associated with a loss of temperature sen-
itivity in viruses selected in a monkey cell line. These
hanges were able to exert an effect in other human and
onkey cell lines, but not in a mouse cell line or in a
onkey neurovirulence test.
Analysis of the mutations in 2A listed in Table 1 re-
ealed no pattern or link between domain V mutation and
A change. In addition there was no conservation of
mino acid size or electrodensity. A greater number of
hanges appear to be the result of transitions than trans-
ersions, but there is evidence to suggest that this is
enerally the case for mutations in polioviruses (Kuge et
l., 1989) and probably reflects polymerase error rates.
nterestingly 5 of the 22 mutations changed a tyrosine
esidue to either a histidine or cysteine residue rather
han any of the other five alternative residues potentially
rising from a single point mutation. Four of the changes
esulted in valine residues. There was no evidence that
election of particular 2A substitutions was influenced by
he sequence of domain V. Up to five different 2A coding
hanges were found in non-ts revertants of the same
irus (e.g., LL472/537 UG), whereas seven different res-dues at position 79 and three at 80 of 2A, introduced by
37 UG
290 ROWE ET AL.mutagenesis, suppressed the phenotype of Sabin 2.
Moreover the same 2A coding change was found in
FIG. 4. The log drop in titre at higher temperatures for LL472/5revertants of two different viruses (e.g., Glu to Gly atresidue 25 in revertants of LL472/537 UG and LL482/529
AC). These results argue against a direct interaction
and its derivatives in BGM, MRC-5, Vero, and L20B cell lines.between 2A and domain V.
291CODING CHANGES HAVE A CELL-SPECIFIC COMPENSATORY EFFECTA neurovirulence test and a ts assay explore the ability
of the virus to grow in different cell types. Viability in
neurons is one of the prerequisites for neuronal damage
and paralysis, the classic symptom of acute poliomyeli-
tis. A disruption to the 59NCR domain V secondary struc-
ture that attenuates a virus also reduces protein synthe-
sis efficiency in a range of cells (Macadam et al., 1992).
The mutations that restore the secondary structure also
restore efficiency of translation initiation and viability of
the virus in neuronal cells. Compensatory changes in 2A
appear to influence a related pathway to restore protein
translation in other cells. This pathway would therefore
be unlikely to occur in neuronal cells, suggesting they
lack factor(s) present in the human and monkey cells
used here in culture.
These observations could have implications for live
poliovirus vaccines, which are attenuated, in part, due to
disruptions to the 59NCR secondary structure. The hu-
man gut selects mutations to the virus such that the
secondary structure is restored, replication rates are
increased and the virus becomes neurovirulent. Excreted
neurovirulent virus resulting from vaccine administration
is undesirable. A virus engineered to have coding
changes in 2A would pose no increased neurovirulence
risk but could conceivably already have increased repli-
cation rates, which would remove the selection to re-
store secondary structure. Indeed changes in 2A exert
an effect in Vero cells which are used in the manufacture
of the vaccine. Thus a more stable attenuated vaccine
strain could be produced.
Results presented here indicate that growth in L20B
cells did not exert any selection pressure on polioviruses
to mutate in 2A.Instead reversion of the phenotype due to
an A at 481 occurred by direct back mutation. From this
observation, it may be possible to use this cell line as a
tool for studying domain V structure. Although it is pos-
sible to select non-ts revertants in BGM cells that have
reverted in domain V, the majority were found to have
mutated in 2A instead. Viruses with no obvious method
of domain V reversion, e.g., a virus with a deletion at 472
could be grown at nonpermissive temperatures in L20B
cells and revertants selected. This would highlight im-
portant features of secondary structure and perhaps give
insight into tertiary structure if compensatory mutations
in distant parts of the 59NCR were identified.
The viral protease 2A is known to cleave the initiation
factor eIF4G, which causes the shut off of host protein
synthesis. The protein translation machinery in the cells
can then be employed to synthesise only viral proteins in
a cap-independent manner. It was previously known that
mutations in 2A enhance protein synthesis after shut-off
is complete (Macadam et al., 1994a), suggesting 2A has
another role in protein synthesis. The results presented
here show that this role is cell specific. Exactly how the
mutations in 2A exert their effect is not known. To have
found so many different mutations is perhaps surprising,
especially considering the high sequence conservationof 2A. However, the number of mutations may not be so
surprising if the ability of 2A to bind to a cellular factor is
considered. The mutations could conceivably disrupt a
protein–protein binding function. Therefore by reducing
the ability of 2A to bind to a cellular factor, that factor or
2A is then released to play a part in protein synthesis.
Indeed a factor activated by 2A (rather than 2A itself) was
suggested to cleave the majority of eIF4G in poliovirus
infected cells (Bovee et al., 1998b). Furthermore eIF4B, a
translational initiation factor, was demonstrated to inter-
act with the IRES of FMDV in ribosomal initiation com-
plexes (Ochs et al., 1999), and this or a similar factor
could feasibly also interact with 2A. Cell specificity would
also suggest that the role in protein synthesis is not
fundamental but more of an enhancement. To date there
is no evidence that 2A binds to RNA itself, but this cannot
be completely ruled out.
Involvement of 2A as a transactivator of poliovirus
IRES driven translation was first reported by Hambidge
and Sarnow (1992) and was suggested to exist so as to
extend the range of cell types that polioviruses can
infect. Indeed changes in 2A, along with changes in VP1,
were associated with mouse neurovirulence of the
mouse adapted strain LS-a (Lu et al., 1994). However,
this type of function is more likely to be a side effect,
rather than a canonical one. The transactivational activity
of 2A was reported to be related to the protease activity
(Ventoso and Carasco 1995). Proteolytic activity was also
reported to be a requirement for full enhancement of
rhinovirus translation by rhinovirus 2A (Ziegler et al.,
1995). In contrast, there is no evidence that the changes
in 2A described here have any effect on proteolytic ac-
tivity. Polyprotein processing and rates of shut-off are
indistinguishable in parental and 2A-mutant-infected
cells (unpublished results). In a recent report (Roberts et
al., 1998) coexpression of either the poliovirus 2A pro-
tease or the FMDV Lb protease strongly stimulated the
picornaviral IRES elements of a disictronic reporter plas-
mid in selected cell lines only. Cleavage of cellular pro-
teins other than eIF4G was proposed to influence IRES
function. It is possible that 2A is able to enhance protein
synthesis in more than one way, dependent on the cell
type infected.
MATERIALS AND METHODS
TIssue culture cell lines and viruses
The BGM cell line is derived from African Green Mon-
key kidney cells (Barron et al., 1970; Dahling et al., 1974),
MRC-5 cells from human foetal lung cells (Jacobs et al.,
1970) and Vero cells are also from African Green Monkey
kidney cells (Rhim et al., 1969). These were maintained in
modified Eagle’s medium supplemented with 5% foetal
calf serum and buffered with 15 mM HEPES and 0.02%
bicarbonate and additional 1% glucose for Vero cells.
L20B cells are mouse connective tissue derived cells
transformed with a cDNA clone of and expressing hu-
u
c
r
292 ROWE ET AL.man poliovirus receptor (Pipkin et al., 1993). These cells
were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% foetal calf serum and buffered with
bicarbonate. HEp-2C cells are derived from human epi-
thelial cells (Moore et al., 1955) and maintained in mod-
ified Eagle’s medium supplemented with 5% foetal calf
serum and buffered with bicarbonate.
The viruses in this study were derived from two types
of ts parental strains. The first type was either Sabin 2
(S2) or a virus whose first 491 bases were from a Sabin
2 virus, the rest from a non-ts revertant Sabin 2 virus
(P117/S59). The Sabin 2 virus has a mutation of G to A at
position 481 (484 in type 3 numbering), which is a strong
determinant of temperature sensitivity. The second type
were site-directed mutants of Leon/Lansing constructs
(LL) where the first 789 bases were derived from a Leon
type 3 virus, the rest from a Lansing type 2 virus (Skinner
et al., 1989). They were constructed to introduce base
pairing or deletions in domain V, which are not naturally
occurring. Control non-ts viruses used in assays were
PS/11759 whose first 492 nucleotides derived from a
neurovirulent revertant P2/117 so has a G at 481 and a C
at 437 but is otherwise identical to Sabin 2 (Macadam et
al., 1991) and Leon/Lansing (Skinner et al., 1989).
Measurement of temperature sensitivity
Virus temperature sensitivity was measured by com-
parison of plaque formation at elevated temperatures
with that at 35°C (Macadam et al., 1992). Cell sheets
were overlayed with 1% Nobles agar in modified Eagle’s
medium supplemented with 3% foetal calf serum. Tem-
perature sensitivity is expressed as a value obtained
from log10(plaque forming units at 35°C/plaque forming
nits at T°C) where T is an elevated temperature. Values
an be expressed as the temperature at which log10 pfu
eduction is 1.0 or the log10 pfu reduction at a particular
temperature (e.g., 39°C). To identify any fluctuations in
individual assays, control viruses of known ts were al-
ways included in each assay.
Sequencing
Viral RNA was isolated by SDS/phenol extraction,
cDNA synthesised from it and amplified DNA was se-
quenced using a primer extension method (Evans et al.,
1985). The primers used to amplify and sequence do-
main V of the 59NCR were complementary to Sabin 2 and
Leon type 3 RNA at positions 23–51, and 629–645, whilst
the primers used to amplify and sequence the 2A gene
were complementary to poliovirus type 2 RNA at posi-
tions 3204–3225, and 4566–4588. Sequencing was re-
peated with DNA from a separate PCR reaction to con-
firm mutations were not artifacts of the PCR reaction.
CONSTRUCTION OF MUTANT VIRUS
LL472/537 AC/F80L. A plasmid with a cDNA copy of
the RNA from virus LL472/537 AC, previously made(Macadam et al., 1992), was digested at the unique XhoI
site at 3297 and the unique BglII site at 3790 of poliovirus
cDNA. The 2A gene of LLD472/F80L was amplified and
also digested at the equivalent XhoI and BglII sites. The
small fragment from amplification of the LLD472/F80L 2A
gene was ligated into the large fragment of LL472/537
AC and transformed into electrocompetent DH5a cells.
Thus the clone of LL472/537 AC now had the 2A gene
from LLD472/F80L. RNA transcripts made from the lin-
earised DNA of positive clones were transfected into
HEp-2C cells along with a positive Leon/Lansing control
at 34°C and virus was plaque purified. HEp-2C cells are
recommended for poliovirus isolation by WHO (WHO
1990) and exert least selection pressure against muta-
tions that disrupt domain V (Macadam et al., 1991, 1992).
Mutagenesis at residues 79 and 80 of 2A. Mutagene-
sis was carried out using a clone of Sabin 2 previously
made where the ApaI site at position 3522 was removed
by the introduction of a silent base change. This modifi-
cation had no effect on virus phenotype (unpublished).
This meant that the now unique sites of ApaI site at 3617
and the SnaBI site at 4455 of Sabin 2 could be utilised.
Part of the 2A gene of Sabin 2 was amplified using
primers with degenerate bases spanning the 79th and
80th codons of 2A such that any amino acid could be
introduced at position 79 from the primer sequence
NNC/G or four different amino acids introduced at posi-
tion 80 from the primer sequence NTC. These mixed
population PCR products were digested and ligated into
the ApaI and SnaBI unique sites of the Sabin 2 clone.
RNA transcripts were made from the selected clones and
transfected into HEp-2C cells.
Monkey neurovirulence test
A standard monkey neurovirulence test was carried
out according to World Health Organization guidelines
(WHO 1983) but with only four animals per virus. Neuro-
virulence was determined from observation of limb pa-
ralysis and histological analysis of spinal cords.
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